Abstract. This paper documents the main features of the weather, climate and climate variability over Andes cordillera in South America on the basis of instrumental observations. We first provide a basic physical understanding of the mean annual cycle of the atmospheric circulation and precipitation and over the Andes and adjacent lowlands. In particular, the diversity of precipitation, temperature and wind patterns is interpreted in terms of the long meridional extent of the Andes and the disruption of the large-scale circulation by this formidable topographic barrier. We also document the impact of the El Niño Southern Oscillation phenomenon on the temperature and precipitation regimes along the Andes.
Introduction
The Andes are the most important mountain range in the Southern Hemisphere (Fig. 1) , running continuously near the west coast of South America from Colombia (∼10 • N) to the southern tip of the continent (∼53 • S). Mean maximum (peak) heights of the Andes are in excess of 4000 m a.s.l. along their tropical and subtropical portions. South of 35 • S the mean height decreases to about 1500 m a.s.l., but many peaks reach above 3000 m a.s.l. In contrast with their altitude, the Andes are a relatively narrow range with a typical width of less than 200 km, except at subtropical latitudes where they split into two mountain ranges and contain the South American Altiplano, an elongated, high level (4000 m a.s.l.) plateau, second only to the Tibetan Plateau in surface and altitude.
Consistent with their impressive length, continuity and height, the Andes significantly disrupt the atmospheric cirCorrespondence to: R. D. Garreaud (rgarreau@dgf.uchile.cl) culation resulting in a variety of mesoscale (horizontal scales ranging from a few to several hundred Km) and synoptic scale (>1000 Km) phenomena, as well as sharply contrasting climate conditions along the eastern and western slopes and adjacent lowlands. Between 5 • S-30 • S (tropical and subtropical latitudes), relatively cold and arid conditions prevail along the Pacific coast extending well into the Andes western slopes, while warm, moist and rainy conditions prevail over the eastern slopes. This gradient reverses south of 35 • S, with temperate rainy forests along southern Chile and precipitation maxima over the western slope of the Andes, while semiarid conditions are present immediately to the east leading to the temperate steppes of the Argentina's Patagonia. Furthermore, the El Niño-Southern Oscillation (ENSO) and other planetary scale phenomena impact the Andean climate differently along its length. In this contribution, we review the climatological features of the Andes at tropical, subtropical and extratropical latitudes, and document some of the weather patterns that characterize this mountain range. We also present a physically based picture of the ENSO impacts on precipitation and temperature along the Andes.
In the context of this review, it is worth noting that the Andes meteorology and climate have been studied less than other major mountain ranges in the world. For instance, one can search the American Meteorological Society (AMS) database (available on-line at www.ametsoc.org) that publishes some of the world's leading atmospheric science journals (e.g., Journal of Climate and Monthly Weather Review) and find 122 articles with the words Andes or Andean in their title/abstract in the last 40 years. A similar search with the words Rockies or Tibet results in 357 and 211 articles, respectively. About a third of the papers are devoted to the effect of the Andes on weather systems, mainly in subtropical latitudes. Another third of the papers is devoted to the effect of the Andes on continental-to planetary-scale circulation, both in the form of dry dynamics (e.g., planetary waves) and also moist dynamics (e.g., indirect effects of precipitation). gure 1. Climatological (long-term mean) precipitation over South America displayed over rrain elevation for austral summer (December-January-February, top) and winter (June-Julyugust, bottom). The continental precipitation was obtained from the University of Delaware tabase on a 0.5°×0.5° lat-lon grid that was constructed from interpolating surface stations egates and Willmont 1999). The precipitation over ocean was obtained from the CMAP taset on a 2.5°×2.5° lat-lon grid that was constructed from merging satellite data and rface observations (Adler et al. 2003 ).
17
Fig. 1. Climatological (long-term mean) precipitation over South America displayed over terrain elevation for austral summer (December-January-February, top) and winter (June-July-August, bottom). The continental precipitation was obtained from the University of Delaware database on a 0.5 • ×0.5 • lat-lon grid that was constructed from interpolating surface stations (Legates and Willmont, 1999) . The precipitation over ocean was obtained from the CMAP dataset on a 2.5 • ×2.5 • lat-lon grid that was constructed from merging satellite data and surface observations (Adler et al., 2003) .
A small fraction of the papers is devoted to local-scale effects (e.g., down slope windstorms), deep convection over the mountains and meteorology of the austral Andes. This is perhaps due to a lack of in-situ observations with sufficient density and temporal resolution to resolve these mesoscale phenomena.
Large-scale circulation
Because the Andes extend from north of the equator to 53 • S, they are sensitive the tropical and extratropical upper-level large-scale circulation, characterized by moderate easterly wind at low latitudes (±15 • of latitude) and westerly winds at subtropical/extratropical latitudes. This structure is shown in Fig. 2 by a pressure-longitude cross section of the seasonal mean zonal wind. During austral summer (DJF) light easterly flow extends down to 21 • S. An important factor in the southward extent of the easterlies is the establishment of the upper level Bolivian High (BH, centred at 17 • S/70 • W). The BH is a distinctive feature of the summertime circulation over South America which is induced by the deep convection over Amazon basin (e.g., Lenters and Cook, 1997) . Further, during summer months the subtropical westerly jet weakens and reaches its southernmost position. In contrast, during austral winter (JJA) the easterly winds are restricted to the north of 10 • S and the subtropical westerly jet becomes stronger with its core at 30 • S.
Low-level flow (below ∼1.5 km) near the Andes, schematized in Fig. 3 , is more complex than its upper-level counterpart. The low level flow is of particular importance because it transports most of the water vapour thus controlling the precipitation field as described in Sect. 3. The cordillera intercepts the equatorial belt of low pressure, the subtropical area of high pressure and the extratropical westerlies. Warming over the interior of the continent produces an area of relative low pressure over central South America that prevails year round , interrupting the subtropical belt of high pressure and thus forming surface anticyclones over the subtropical South Pacific and South Atlantic. As a result, the prevailing low-level winds between ∼35 • S and 10 • S blow from the south along the Pacific coast (west of the Andes) and from the north along the eastern slopes. This reversed meridional flow at each side of the subtropical Andes is shown in Fig. 4 by a longitud-pressure cross section of the meridonal component of the wind. This figure also reveals a northerly jet (i.e., a maximum in wind speed) immediately to the west of the Andes between 2000 and 5000 m a.s.l. that results from the mechanical blocking of the Andes upon the prevailing westerly wind in the middle troposphere (e.g., Rutllant and Garreaud, 2004; Kalthoff et al., 2002) . South of 35 • S, the surface pressure decreases poleward and lowlevel westerly flow prevails year round, with a broad maximum between 45-55 • S. The westerly flow and the midlatitude waves embedded in it are able to cross the extratropical Andes cordillera, although they are strongly modified during their passage (Sect. 5). (Kalnay et al., 1996) .
range while south of about 25 • S the precipitation is more stable, produced by the passage of extratropical frontal systems and cutoff lows ( Fig. 1 ). In the free troposphere the 0 • C isotherm slopes from about 4000 m a.s.l. at tropical/subtropical latitudes down to about 500 m over the southern tip of the continent. Consistently, snow only falls over the highest Andean peaks from Colombia to northern Chile, but becomes more prevalent in the slopes of the subtropical and southern Andes, especially during cold winter storms.
The eastern and western slopes of the equatorial Andes (Ecuador and Colombia) experience rainfall fed by moist air coming from both the Amazon basin and the Gulf of Panama (e.g., Bendix et al., 2005) . Precipitation over the eastern slope of the Andes is, however, extremely high because the mid-level easterly flow (trade winds) blowing from the Amazon basin transport huge quantities of water vapour (Emck, 2007) . In situ observations in this region suggest an increase of precipitation with altitude to a maximum of ∼6000 mm/year at the top of the Ecuadorian Andes. This large precipitation is due to enhanced orographic rainfall and the permanent drizzle from orographic clouds (Emck, 2007) . The presence of the Cauca and Magdalena valleys along the Colombian Andes also causes a very complex distribution of rainfall with alternating bands of humid and hyper-humid conditions (Lopez and Howell, 1967; Poveda et al., 2005) . North of 2 • S, the Andes also experience two rainy seasons, www.adv-geosci.net/7/1/2009/ Adv. Geosci., 7, 1-9, 2009
around late fall and spring, in connection with the meridional displacement of the Intertropical Convergence Zone (ITCZ) over the eastern Pacific. The semi-annual cycle of rainfall rapidly fades as one moves south; over the Andes of Ecuador and northern Peru the precipitation is more concentrated during the austral fall when the ITCZ reaches its southernmost position (off the coast, the ITCZ hardly moves to the south of the equator because the cold waters over the SE Pacific inhibit the development of deep convection; e.g., Mitchell and Wallace, 1995) . The gentle descent of air (subsidence) that maintains the subtropical anticyclone over the SE Pacific is the primary cause of the arid, stable conditions along northern Chile and southern Peru coast that extend inland over the western slope of the Andes (Hartley and Houston, 2003) . The southerly wind at the sea surface promotes upwelling of cold waters along the coast, which forces enhanced subsidence in order to maintain thermal balance and, hence, further drying within this region. The subsidence also maintains an inversion layer at about 1000 m a.s.l. that, in conjunction with the sharp coastal topography, prevents the inland penetration of the moist air in contact with the ocean .
To the east of the subtropical Andes, the continental low over the Chaco region (∼22 • S; The east-west precipitation contrast is maximum between 18-23 • S with the Atacama Desert on one side of the Andes and the Chaco wetlands on the other. Many authors have attributed the dryness of the Atacama to the rain-shadow effect of the Andes that supposedly blocks the moisture from the interior of the continent (e.g., Huston and Hartley, 2003) . Nevertheless, modelling studies in which the Andes height is reduced don't result in more humid conditions over Atacama. The coastal desert remains under strong subsidence and receiving cool, dry air from the Pacific (Lenters and Cook, 1995; Sepulchre et al., 2008; Ehlers and Poulsen, 2009; Garreaud et al., 2009 ). This finding is of particular relevance for the paleo-climate and geological community working on the relationship between Andean uplift and the onset of hyper arid conditions over the Atacama during the Miocene (e.g., Garreaud et al., 2009) . Lowering the Andes, however, does weaken the South American Monsoon and increases precipitation over northern Amazonia, emphasizing the key role of the Andes in shaping the rainfall distribution over the interior of the continent (Lenters and Cook, 1995) , especially during austral summer.
In between the coastal desert and the humid lowlands of Bolivia and Brazil, the South American Altiplano exhibits its own climate conditions. In addition to the low temperatures, low air density and high radiative input by virtue of its altitude (e.g., Aceituno, 1993) , the Altiplano remains extremely dry during most of the year with the exception of the austral summer (November to March) when intense convective storms bring significant precipitation to the plateau. The crucial ingredients of this seasonal rainfall are the destabilization of the local troposphere by the intense surface heating and the establishment of upper-level easterly winds that favour the transport of moist air from the interior of the continent Vuille et al., 2003; Falvey and Garreaud, 2006) . The mid-tropospheric westerly flow during the rest of the year is just too dry to sustain any convective activity. There is also substantial sub-monthly rainfall variability during summer; rainy days tend to cluster in episodes lasting about a week when the Bolivian High is more intense and displaced southward (Garreaud, 1999) , separated by dry spells of similar duration. Summer precipitation over the Altiplano also exhibits a considerable meridional gradient, with much more humid conditions in its northern half than its southern half, as evident from the contrasting conditions around Lake Titicaca and Uyuni dry lake, respectively.
South of 35 • S, the area of low precipitation shifts to the east of the Andes, thus creating the dry diagonal of the continent. At midlatitudes, the west coast of the continent (southern Chile) receives abundant precipitation associated with the passage of frontal systems moving eastward from the Pacific. The latitudinal band of maximum precipitation coincides with the intersection of the coastline and the storm track: 45-55 • S in summer and 35-45 • S in winter. Precipitation tends to increase inland, as the moist air is forced to ascend over the western slope of the Andes, up to a maximum just upstream (i.e., westward) of the Andean ridge. This orographic enhancement of precipitation produces annual totals as high as 6000 mm at 45 • S, supporting the temperate rain forest, major rivers, glaciers and ice fields that characterize the Chilean Patagonia. Little moisture is left in the air masses after they cross the southern Andes toward Argentina (Smith and Evans, 2007) and the annual mean precipitation decreases to less than 100 mm within 100 km east of the Andean ridge. Downslope winds further contribute to the drying of the Argentina's Patagonia, characterized by a cold, windy steppe.
Interannual variability and ENSO impacts
The El Niño -Southern Oscillation (ENSO) is a coupled ocean-atmosphere phenomenon characterized by irregular fluctuations (2-7 year periodicity) between warm (El Niño) and cold (La Niña) conditions over the equatorial Pacific, along with other climate anomalies worldwide (e.g., Diaz and Markgraf, 1992) events are the major source of interannual variability over much of South America and, not surprisingly, ENSO-related variability has received considerable attention (see a review in Garreaud et al., 2008) . The overall pattern is that El Niño episodes are associated with (a) below average rainfall over tropical South America, (b) above average precipitation over subtropical South America, and (c) warmer than normal air temperature at tropical and subtropical latitudes (Fig. 5) . Generally opposite conditions prevail during La Niña episodes. The precipitation decrease over northern South America during El Niño years has been attributed to a relaxed landsea thermal contrast and enhanced subsidence forced by deep convection over the eastern Pacific ITCZ (Poveda et al., 2001) . The precipitation signal is integrated by the Cauca and Magdalena rivers in the Colombian Andes, with a clear tendency to above (below) normal stream flow during La Niña (El Niño) years (Aceituno and Garreaud, 1995) . The equatorial Andes also experience below normal precipitation during El Niño episodes (Vuille et al., 2000; Francou et al., 2004) due to anomalous Hadley cell subduing convection over the high terrain. The Andean signal is in sharp contrast with the conditions just a few hundreds kilometres to the west (sometimes extending to the Andean foothills) where El Niño brings copious rain over this otherwise arid coastal area (e.g., Horel and Cornejo-Garrido, 1986) . Rainfall variability over the eastern side of the equatorial Andes is more related with a dipole like correlation structure over the tropical Atlantic (Vuille et al., 2000) . The tropical Andes also experience significant temperature anomalies during the ENSO phases with warming (cooling) up to 1 • C during El Niño (La Niña) years. The precipitation deficit and atmospheric warming often results in a strongly negative mass balance in tropical Andes glaciers during El Niño events (Francou et al., 2004) .
El Niño (La Niña) summers also bring less (more) precipitation to the Altiplano (Vuille et al., 2000; Garreaud and Aceituno, 2001 ) although the ENSO-rainfall relationship in this region is not too robust. During El Niño years the meridional thermal gradient between the tropics and subtropics becomes steeper, resulting in stronger westerly flow in the middle and upper troposphere over the central Andes. Consistently, there is less transport of moist air from the interior of the continent toward the Altiplano thus limiting the convection over the Plateau. In many cases, however, the zonal wind anomalies change sign over the Altiplano resulting in an alternation of wet/dry conditions between the northern and southern part of the Plateau (Vuille and Keiming, 2004) . The ENSO-related temperature anomalies become weaker over the Altiplano, but still there is a tendency of warmer conditions during El Niño episodes.
Rainfall records from low-altitude stations in Central Chile (27-35 • S) clearly show above (below) normal rainfall totals during El Niño (La Niña) years (Montecinos and Aceituno, 2000) . This warm/wet -cold/dry tendency is also evident in 6 R. D. Garreaud: The Andes climate and weather the snow pack over the subtropical Andes (Masiokas et al., 2006) and the stream flow in Andean rivers (Aceituno and Garreaud, 1995) . The precipitation increase over the subtropical Andes is largely due to a higher frequency of midlatitude storms crossing this area (from the Pacific) during winter as a result of a blocking of the westerly flow and storm tracks over the southeast Pacific (Rutllant and Fuenzalida, 1991) . The same blocking activity is responsible for a slight decrease of precipitation in southern Chile (around 40 • S) in austral spring during El Niño years (Montecinos and Aceituno, 2000) .
Farther south, over the Austral Andes, there is no clear ENSO signal in precipitation or temperature. In contrast, the Southern Annual Mode (SAM, e.g., Thompson and Wallace 2000) , an atmospheric mode of circulation characterized by pressure anomalies of one sign centered in the Antarctic and anomalies of opposite sign on a circumpolar band at about 40-50 • S, appears to modulate the air temperature over the southern tip of South America (Gillet et al., 2006; Garreaud et al., 2008) . There is a well documented trend of SAM toward its positive polarity in the last three decades, featuring stronger westerlies and warmer air temperatures across much of Patagonia.
Synoptic-scale systems
Synoptic-scale disturbances are tropospheric-deep phenomena embedded in the midlatitude westerly flow, with a horizontal scale of thousands of kilometres and lifetimes of several days that produce most of the day-to-day weather changes in subtropical and extratropical latitudes. These disturbances feature a low and high pressure centre at the surface, and a trough-ridge couplet aloft, usually moving eastward at about 5-10 m/s (e.g., Holton, 1992) . The cyclonic circulation around the surface low is conducive to the formation of cold and warm fronts, elongated bands of intense thermal gradient, where localized ascent produces abundant cloudiness and precipitation. Although each baroclinic wave evolves in a unique form, they tend to move along rather narrow latitudinal bands known as storm tracks (e.g., Hoskins and Valdes 1990) . In the Southern Hemisphere, the circumpolar storm track intersect the continent between 40 • -50 • S with only minor seasonal changes (e.g., Nakamura and Shimpo, 2004; Garreaud, 2007) although some systems approach South America at subtropical latitudes during winter. These systems are blocked by the Andes cordillera and experience substantial distortion in their structure (e.g., Berbery and Vera, 1996; Seluchi et al., 1998 Seluchi et al., , 2006 .
To further describe the effect of the Andes on baroclinic waves, the evolution of a surface low-high couplet moving across South America is schematized in Fig. 6 . The westerly component of the low-level flow ahead of the cold front is largely blocked by the Andes, producing a northerly jet along the coast of south-central Chile (Fig. 6a) . This results in enhanced convergence of moist air and precipitation in southern Chile (around 35-40 • S) and inhibits the advance of the cold front into subtropical latitudes, contributing to the marked meridional precipitation gradient along the western slope of the Andes (Barret et al., 2009 ). Above ∼3000 m a.s.l. level, however, the westerly flow is no longer blocked by the Andes but rather forced to ascend, resulting in pre-frontal precipitation enhancement over the subtropical Andes as far north as 30 • S (Barret et al., 2009; Viale and Norte, 2009 ). Indeed, the few high-altitude records suggest that orographic air uplift produces 2-3 times more annual precipitation up in the Andes relative to the coastal values at the same latitudes (Falvey and Garreaud, 2007; Favier et al., 2008) .
At the same time (Fig. 6a) , the strong westerly flow over the ridge produce lee-side subsidence in western Argentina leading to the formation of a thermal-orographic low just east of the Andes (Seluchi et al., 2003a) . During summer, this lee-side effect deepens the climatological Chaco low, which in turn intensifies the transport of moist air from the north fuelling severe storms in the form of prefrontal squall lines (Garreaud and Wallace, 1998) . Once the midlatitude surface low moves into Argentina, it merges with the thermal low east of the subtropical Andes (Fig. 6b) . The deep low in the surface and the strong westerlies aloft act in concert to produce, under some conditions, severe damaging downslope wind storms along the eastern foothills of the Andes, locally known as Zonda events (Seluchi et al., 2003b) . The Zonda is a close relative to other downslope wind systems, as the Foehn in central Europe (e.g., Klemp and Lilly, 1975) and the Chinook east of the Canadian Rockies (e.g., Zydek, 2000) .
Returning to the synoptic sequence of Fig. 6 , as the surface low moves eastward into the Atlantic, a migratory, coldcore anticyclone approaches the western coast of the continent and merges with the SE Pacific subtropical anticyclone (Fig. 6c) . Off the coast of central Chile, the easterly, geostrophic winds in the lower troposphere force downslope flow over the Andean slope, so that cool marine air is replaced by warm, continental air. Consequently, the surface pressure drops along the subtropical west coast of the continent, leading to the formation of a coastal low and broad clearing of the stratocumulus clouds over the subtropical SE Pacific (Garreaud et al., 2002 ) with significant impacts on regional weather. To the east side of the subtropical Andes, the easterly flow in the northern flank of the migratory high is dammed by the mountains, breaking down the geostrophic balance and leading to southerly wind over a band of about 1000 km away from the Andean slopes (Fig. 6d) . The cold, dry air surges equatorward between the Andes and the Brazilian plateau, displacing relatively warm, moist air. This later effect results in a hydrostatic surface pressure rise, explaining the expansion of the surface anticyclone into subtropical and tropical latitudes (e.g., Garreaud, 1999b) . Thus, the occurrence of a warm coastal low to the west of the subtropical Andes and a cold core anticyclone to the east tends to be simultaneous, being both phenomena a consequence of the topographic disruption of a migratory midlatitude system (Seluchi et al., 2006) . South American cold surges are a year round feature of the synoptic climatology of the region (Garreaud, 2000; Vera and Vigliarolo, 1999; Seluchi and Marengo, 2000) , with a near weekly periodicity, but with a large range in their intensity and meridional extent. Extreme wintertime episodes (one every few years) produce near freezing conditions and severe agricultural damage from central Argentina to southern Bolivia and Brazil (locally known as friagems or geadas; e.g. Marengo et al., 1997) . In some extreme cases, the cold air can reach very low latitudes (and even cross the equator) affecting the eastern slopes of the Ecuadorian Andes (e.g., Emck, 2007) . Summertime episodes produce less dramatic fluctuations in temperature and pressure but they are accompanied by synoptic-scale bands of heavy clouds at the leading edge of the cool air. The banded cloud pattern extends from the eastern slopes of the Andes southeastward and can reach as far as the northern coast of the continent (e.g., Garreaud and Wallace, 1998) .
